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Abstract: The control of thermal expansion of solid com-
pounds is intriguing but remains challenging. The effect of
guests on the thermal expansion of open-framework structures
was investigated. Notably, the presence of guest ions (K*) and
molecules (H,0) can substantially switch thermal expansion of
YFe(CN), from negative (a,=—33.67x107° K™) to positive
(a,=+42.72x10° K')—a range that covers the thermal
expansion of most inorganic compounds. The mechanism of
such substantial thermal expansion switching is revealed by
joint studies with synchrotron X-ray diffraction, X-ray absorp-
tion fine structure, neutron powder diffraction, and density
functional theory calculations. The presence of guest ions or
molecules plays a critical damping effect on transverse
vibrations, thus inhibiting negative thermal expansion. An
effective method is demonstrated to control the thermal
expansion in open-framework materials by adjusting the
presence of guests.

The issue of controlling thermal expansion is vital but
remains challenging." The occurrence of negative thermal
expansion (NTE) materials offers a promising possibility. In
1968, Hummel et al. first observed the NTE phenomenon in
the framework material ZrW,04.) However, a possible
mechanism for NTE was not revealed until 1996, when
Sleight et al. solved the crystal structure of ZrW,0O; and
elucidated the interesting NTE phenomenon,!"! which pro-
posed rigid unit modes (RUMs) as the origin of NTE.
Subsequently, many more NTE framework materials were
found, such as oxides containing M—O—M oxygen atom
bridges with the general chemical formulae AMO;,"
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AM;0.,,5T A0, AM,0,,M and AM,04:["? ReO;-type
fluorides,*® cyanides, and the Prussian blue analogues
formed by double atom M-C=N-M bridges in Zn(CN),,['"]
Ag;Co(CN), 1 LnCo(CN).,! and FeCo(CN):*! and
metal-organic frameworks (MOFs)?' 24 with carboxylate
linkages.

The control of thermal expansion in NTE materials was
mainly achieved by chemical substitution, as reported in
previous studies.?! Since chemical substitution can have
a pronounced effect on electronic and crystal structures,
thermal expansion can be well-controlled—especially in
electronically driven NTE materials, such as magnetic anti-
perovskite manganese nitrides,”*! PbTiO;-based ferroelec-
trics,”** and intermetallic charge-transfer compounds of
BiNiO; and LaCu,Fe,0,,.%**% However, in open-framework
materials, chemical substitution might not be a direct method
to adjust thermal expansion, because the NTE of such
materials is associated with the lattice dynamics rather than
the electronic structures. For example, the linear coefficient of
thermal expansion (CTE, ;) for Zr,_ M ,W,05_, (M =Sc, In,
Y) materials only varies over a narrow range (—7.3 to
—8.7x107° K ").”% In contrast, it is well-known that NTE of
open-framework structures originates from transverse ther-
mal vibrations of atoms (for example, ZrW,04** and
ScF,®)). Such transverse thermal vibrations should be
reduced or hindered if guest ions or molecules exist in the
empty spaces of a framework. We notice that there are some
interesting previous studies that demonstrate that the thermal
expansion of framework materials changes extensively
because of the presence of guest molecules. For example,
NTE disappears in ZrW,Oyg in the presence of H,O molecules
(for Zrw,040.55H,0: a=1.9x10°K™, 15-298 K).*
Thermal expansion changes substantially after the insertion
of H,0 into ZnPt(CN).*! Tt is groundbreaking that the
insertion and the removal of CCl, guest molecules furnishes
thermal expansion switching between negative and positive in
Cd(CN),."™  Similar interesting phenomena were also
observed in MOFs.?**! Recently, we successfully controlled
thermal expansion in simple ScF;-based NTE materials from
negative, to zero, to positive, by insertion and removal of Li
ions.[*!

Herein, we demonstrate that the thermal expansion of
YFe(CN)g-based Prussian blue analogues can be switched
substantially from negative to positive by introduction of
guest molecules (H,O) and ions (K*) to the void spaces of its
framework structure. Crystal structures and thermal expan-
sions were determined by high-resolution synchrotron X-ray
diffraction (SXRD), neutron powder diffraction (NPD), and
from the temperature dependence of XRD. The role of the
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guest ions and molecules upon switching of the thermal
expansion is explained by the solid state structure and the
characteristics of the lattice dynamics. The present approach
permits tailoring of thermal expansion and may be extended
to many other NTE framework materials.

The crystal structures of hydrated samples of
YFe(CN)s4H,0 and KYFe(CN)¢3H,0 were investigated
by high-resolution SXRD (Supporting Information, Figur-
es S1,2 and Tables S1,2) and those of the YFe(CN), and
KYFe(CN)¢ samples by insitu XRD after dehydration
(Supporting Information, Figures S3,4 and Tables S3,4).
Figure 1 shows the structures of hydrated and dehydrated
YFe(CN)y4H,0 and KYFe(CN),3H,O and their transfor-
mations. YNy and FeC, polyhedra in the host framework
structure are bridged by CN units (Figure 1a). Insertion of the
guest K* ions and H,O molecules into the pores of the host
framework has a different effect on the structure symmetry.
K" ions have a relatively small effect (compare
YFe(CN)s4H,0 (Cmcem) and KYFe(CN)y:3H,O (Pbnm)),
while H,O molecules have a large effect and convert the
hexagonal YFe(CN), structure (P6ymmc) to the ortho-
rhombic YFe(CN)y4 H,O (Cmcem) structure.

The refined structure of YFe(CN)j is consistent with that
previously reported.[*! The Y atom coordinates to six N atoms
to form a bicapped distorted trigonal prism (YN;), while the
Fe atom retains the usual regular octahedral coordination
geometry (FeCg). The YNy and FeC4 groups in the entire
structure of YFe(CN), are bridged through CN units (Fig-
ure 1a). The M-CN-M linkage of YFe(CN), is near linear (the
angle of Y-N-Fe and Y-C-Fe linkages is 176.01(1)° and

With H,0

Without H,0

o &
~ ° ¢
al_.b YFe(CN),-4H,0

Without K*
With K*

KYFe(CN).-3H,O
() anp oSy

%

Figure 1. Crystal structure of YFe(CN)g-based Prussian blue analogues
with or without guest K" ions and H,O molecules: a) YFe(CN),
(P65/mmc), b) YFe(CN)¢-4 H,0 (Cmcm), c) KYFe(CN)g (P31¢), and

d) KYFe(CN)g-3H,0 (Pbnm). Polyhedra key: FeCq (yellow), YN (light
blue).
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179.60(1)°, respectively), which is the same as that reported
for other Prussian blue analogues, such as FeCo(CN)*" and
ZnPt(CN).* YFe(CN); is very hygroscopic because it
possesses large pore spaces. YFe(CN)g easily absorbs H,O
and transforms into the hydrated complex YFe(CN)y4H,O
(Figure 1b). After hydration the coordination number of Y**
changes from six to eight, and the resultant YN¢O, and FeC,
polyhedra are linked by CN units (Figure 1b).

The crystal structure of KYFe(CN),3H,O is shown in
Figure 1d, in which one K* ion substitutes one H,O molecule
in YFe(CN)¢-4 H,0. K" ions and water molecules are located
above and below the YN trigonal prism near the z =0 and 1/2
planes in the structure. KYFe(CN)43H,O exhibits a three-
dimensional network consisting of corner-sharing FeC, and
YNsO; polyhedra. After dehydration, the structure shows
a dramatic transformation from the orthorhombic (No.62,
Pbnm) KYFe(CN)¢3H,O to the hexagonal (No.163, P31c)
KYFe(CN);.“) The YNOj structure restores to perfect YN
octahedral coordination geometry and K* ions migrate to one
crystallographic site (Figure 1c¢). Meanwhile, the unit cell
volume of KYFe(CN); (516.316 A®) dramatically contracts by
18.3% compared to that of YFe(CN), (632.337 A?), and the
Fe-CN-Y bond angles contract (the Y-N-Fe angle is
140.54(5)°).

Notably, the structural transformation of hydrated and
dehydrated samples is fully reversible (Supporting Informa-
tion, Figure S7). There are two types of water in both
YFe(CN)g4H,0 and KYFe(CN),-3H,0; namely, uncoordi-
nated and coordinated water, which are presented in the
crystal structure (Figure 1b,d), thermogravimetric analysis—
differential scanning calorimetry (TGA-DSC; Supporting
Information, Figure S8), and FTIR vibrational modes (Sup-
porting Information, Figure S9). For both YFe(CN)¢4H,O
and KYFe(CN)¢-3H,O, there are two sharp exothermic peaks
during the thermal decomposition (Supporting Information,
Figure S8). The high frequency v(OH) band in the region near
3610-3540 cm™" is ascribed to coordinated water molecules,
while the broad stretching bands near the region 3450—
3260 cm™! belong to uncoordinated water. 4!

To maintain charge balance, the valence of Fe changes
upon insertion of K* ions. Herein, we have studied this effect
on the air-stable hydrated samples of YFe(CN),4H,O and
KYFe(CN)3H,O. Figure 2 shows the room-temperature
spectra of Y 3d X-ray photoelectron spectroscopy (XPS)
and Fe K-edge X-ray absorption near-edge structure
(XANES). No change in the Y 3d XPS spectra means that
the chemical valence of Y remains stable. By contrast, the Fe
K-edge X-ray absorption edge of KYFe(CN)4-3 H,O is shifted
by 1 eV to lower energy with respect to YFe(CN)4-4 H,O. This
indicates that Fe*" is reduced to Fe*" after the insertion of K*
ions, since the same Fe K-edge energy shift was observed in
K;Fe(CN), and K,Fe(CN),.*! The K* ions can be inserted
into the pores of YFe(CN)j easily because of such Fe valence
reduction. Additionally, a remarkable difference has been
observed in the band gap of KYFe(CN)¢-3H,O (E,=3.12¢eV)
and YFe(CN)s4H,O (E,=1.86 eV; Supporting Information,
Figure S10).

It is intriguing that thermal expansion of YFe(CN); can be
switched substantially between negative and positive by guest
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Figure 2. a) Y 3d XPS, and b) Fe K-edge XANES spectra for YFe(CN)6-4 H,O and

KYFe(CN)6-3 H,0 at room temperature.

K" ions and H,O molecules (Figure 3; Supporting Informa-
tion, Table S5). For YFe(CN)y without any guest ions or
molecules, a strong NTE was observed along all crystal axes

(a,=—-337x10°K™", a,=—11.92x10°K", a,

=-9.94x

10°K™"). This NTE, here observed for the first time, is

larger than the isotropic NTE of the most popular
and ScF; materials,"* and comparable with that of
other framework structures such as CdPt(CN);,>"!
LaCo(CN),"! and Cd(CN),”"! (Supporting Infor-
mation, Table S6). However, as soon as guest H,O
molecules are introduced into the framework of
YFe(CN),, the thermal expansion is immediately
switched to positive for YFe(CN),4H,O (a,=+
13.09x 10°°K™); the b and ¢ axes show positive
thermal expansion (PTE; a,=+22.08x10° K™,
and a, =+ 13.09 x 10~° K™') while the a axis retains
NTE (a,=—-7.49x 10" K™'). With further intro-
duction of K* ions, an even stronger PTE is
achieved in KYFe(CN)¢3H,O (a,=+42.72x
10°°K™"); all axes display PTE (a,=+25.67 x
10°K™, ap=

+1227x10°K™", and a.,=+471x109K™).
Interestingly, the switched PTE is even stronger
than that of common oxides, such as SrTiO; (a, =
+34x10° K and a-ALO; (a,=+23.4x
10K 1.1 However, upon removal of H,O
molecules from KYFe(CN)s3H,O to obtain
KYFe(CN),, the PTE is reduced by almost a half
(ay =+20.30 x 10"° K1), with a NTE for the c axis
(a,=-3.43x10"°K™") and a PTE for the other
two axes (a, =+ 11.84x107°K™"). In the absence
of K" ions, NTE appears again in YFe(CN)q. As
a result, we can switch the thermal expansion of
the Prussian blue analogues over a giant CTE
range by adjusting the concentration of guest ions
or molecules.

Further experiments were performed on the
thermal expansion of samples with hydration and
dehydration cycling tests, and on K,YFe(CN),
samples after partial removal of K* ions by
electrochemical methods employed for K-ion
batteries.** Thermal expansion can be reversibly
switched from PTE of hydrated YFe(CN)q-4H,O
to NTE of dehydrated YFe(CN)g (Supporting
Information, Figure S11). Additionally, after par-
tial extraction of K" ions, the K,YFe(CN), and

Angew. Chem. Int. Ed. 2017, 56, 9023 -9028

KYFe(CN), samples show the same structure, but
thermal expansion is much reduced for the former
(a,=+32x10°K™"'; Supporting Information,
Figure S12). We expect that future experiments
concerning extraction and insertion of guest alkali
metals will be directed by progress in the alkali-
metal battery field.

Subsequently, we considered a mechanism to
describe the role of guest ions and molecules on
thermal expansion switching. Herein, we interpret
such phenomena according to both structure and
lattice dynamics by joint studies using NPD,
extended X-ray absorption fine structure

(EXAFS), and first-principle calculations. We suppose that
the guest ions or molecules behave as a barrier to block the
RUM-type vibrations or, in general, transverse vibrations
(Supporting Information, Figure S13). Hence, we firstly adopt
“atom-volume—density” (namely the volume of a single-atom

ZrW,04!!!  occupancy) to quantify the relationship between guest and
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Figure 3. Temperature dependence of cell parameters and volumes for a) YFe(CN)s,
b) YFe(CN)4-4 H,0O, c) KYFe(CN),, d) KYFe(CN)4-3 H,0, e) YFe(CN)g and KYFe(CN)g,
and f) YFe(CN)44 H,O and KYFe(CN)4-3 H,O. g) CTE, a,, in YFe(CN); and related

compounds. h) Correlation between atom—-volume—-density and a,.
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CTE. In this case, one water molecule or K* ion in
the pore is considered as “one single atom” (a
detailed analysis is tabulated in the Supporting
Information, Table S7). As shown in Figure 3h,
there is a correlation between atom-volume-
density and CTE. That is, if there is enough space
in the open-framework structure, the NTE arises
because of the possibly strong transverse vibra-
tions of bridging atoms. Otherwise, the transverse
vibrations are reduced and thus NTE should be
restrained or switched to PTE.
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Firstly, the mechanism of such thermal expan-
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sion switching was studied experimentally by §<
evaluating the anisotropic atomic displacement g%m‘
parameters (ADPs) of N and C atoms in PTE ;g
YFe(CN)g4H,0 and NTE YFe(CN),. We con- g §*
ducted NPD measurements, since N and C atoms § g_m_
are light elements. Refinement of the NPD data =73

for YFe(CN)g4H,0 and YFe(CN); is shown in o
Figures S5 and S6 (Supporting Information). As

shown in Figure 4 and Figure S14 (Supporting
Information), there are strong anisotropic ADPs (e)
in YFe(CN)q, in which the transverse ADPs of N & *%2
and C atoms are much larger than those of .‘.ﬁ 1o
longitudinal ADPs. However, after the insertion — §%<0.08
of guest H,O molecules, the ADPs are nearly .:','gmo.os
identical for both transverse and longitudinal §go.o4.
vibrations, which means that the transverse Fe—C E 0.02F
and Y—N thermal vibrations are much hindered. %

oo o0 0.0

Secondly, the atomic mean-square relative dis-
placements (MSRDs)  determined by Fe

100 200 3‘60 460 580 0 100 200 300 400 500
Temperature (K) Temperature (K)

K-edge EXAFS measurements, which also take
into account the correlation of the atomic motion,
indicate that there are much larger transverse
Fe—C vibrations in NTE YFe(CN), than in PTE
KYFe(CN)¢ (Figure 4e,f; Supporting Informa-
tion). In other words, K* ions have a damping
effect on the transverse vibrations of C atoms,

Figure 4. The ADPs depiction of N atoms in a) NTE YFe(CN)¢ and b) PTE
YFe(CN)g-4 H,O from NPD at 300 K. The ellipsoid size represents the amplitude of
transverse and longitudinal vibrations of N and C atoms. Temperature variation of
ADPs of the N atoms of c) YFe(CN)g and d) YFe(CN)¢-4 H,O; transverse (L
Y-N-C-Fe axis (m), L Y-N-C-Fe axis (®)) and longitudinal (|| Y-N-C-Fe axis (A)).
Perpendicular (L Fe—C (m)) and parallel (|| Fe—C (®)) MSRDs of the Fe—C atomic
pairs measured by EXAFS in ) NTE YFe(CN), and f) PTE KYFe(CN),. The solid lines
are the corresponding best fit with the Einstein model.

similar to H,O molecules.
To gain further insight into the mechanism by

which guests tune the thermal expansion of YFe(CN),
density functional theory (DFT) calculations were carried
out to study the lattice dynamics of two NTE YFe(CN), and
PTE KYFe(CN)s compounds. The space group of YFe(CN)j
and KYFe(CN), obtained from the experimental results was
adopted in the calculations. The phonon dispersion and the
mode Griineisen parameters of the two compounds were
calculated (see the Supporting Information for details).
Figure 5a and 5b show the lowest transverse vibrational
modes of NTE YFe(CN); at 44 and 54.6 cm ™!, which exhibit
the largest negative Griineisen parameters and the main
contribution to NTE (Figure 5¢). The phonon density of
states (DOS) of YFe(CN)¢ in the low-frequency range is
strongly related to the vibrations of N atoms and, albeit in
a minor way, to the vibrations of C atoms. (Supporting
Information, Figure S18a). This suggests that the transverse
vibrations of N and C atoms largely contribute to the NTE
behavior of YFe(CN),, which is also indicated by the ADPs
magnitude of N and C atoms. The NTE in the present

www.angewandte.org
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YFe(CN), supports the previous results that NTE arises from
vibrational modes with negative mode Griineisen parameters.
In particular, the lowest energy optic modes contribute most
to NTE of open-framework materials such as Zn(CN),,
ZrW,04,°" and ScF;.P*! However, for PTE KYFe(CN)g, the
low-frequency contribution of N and, in part, of C atoms, is
much weakened by the presence of K" ions (Supporting
Information, Figure S18b). As a result, K* atoms have
a strong effect on the vibrations of N and C atoms. Indeed
the lowest energy mode of PTE KYFe(CN), at 49.6 cm™' has
a small negative value, while the second lowest energy is
positive (Figure 5d—-g). From the comparison of Figures4c
and 4 g, one can see that most vibrational modes with negative
Griineisen parameters in YFe(CN), switch to positive when
K" ions are inserted, thus resulting in PTE of KYFe(CN)q.

In summary, the effect of guest ions and molecules on
thermal expansion properties of the NTE open-framework
YFe(CN)y-based Prussian blue analogues was studied. We
have discovered that the thermal expansion of YFe(CN)4 can

Angew. Chem. Int. Ed. 2017, 56, 9023 -9028
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Figure 5. Depictions of the vibrational modes of Prussian blue
analogues at low frequencies: NTE YFe(CN) at a) 44 cm™' and

b) 54.6 cm™', and PTE KYFe(CN) at d) 49.6 cm™' and e) 61.1 cm™".
Arrows indicate the vibrational directions of the atoms and the
vibration amplitude is shown by the size of the arrow. The mode
Griineisen parameters of ¢) NTE YFe(CN), and g) PTE KYFe(CN);
as a function of frequency.

be switched substantially from negative to positive by the
addition of guest H,O molecules or K* ions. The presence of
water molecules and K* ions plays an important role in
damping the transverse vibrations of C and N atoms, thus
switching the thermal expansion from negative to positive.
Concurrently, DFT calculations indicate that the negative
Griineisen parameters present in YFe(CN), are suppressed
by the presence of K™ ions. This study demonstrates
a technique for adjusting the CTE of NTE framework
materials that may be applicable to other multifunctional
materials.
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